Patterns of biomass allocation between different plant organs have often been used to explain the response of plants to variations in resource availability. This paper reports how aerial allelopathy (plant± plant communication) affects biomass allocation, that is the trade-off between root, stem and leaves, and also relative growth rate (RGR, increase in biomass per unit biomass per unit of time, mg g ±1 d ±1 ) and its components. Based on previous experiments, communication between two barley (Hordeum vulgare L.) cultivars (Alva and Kara) was used for the present study. Kara exposed to volatiles from Alva allocated signi®cantly more biomass to roots compared with Kara exposed to volatiles from Kara or to clean air. There was no signi®cant difference between plants of Kara exposed to volatiles from Kara and those exposed to clean air. Changes in total dry weight (TDW), RGR and unit leaf rate (ULR, increase in biomass per unit time and leaf area, kg m ±2 d ±1 ) were not signi®cantly affected by plant±plant communication. However, there was a signi®cant increase in speci®c leaf area (SLA, leaf area per leaf dry weight, m 2 kg ±1 ) in Kara when exposed to volatiles from Alva. The results show that aerial plant±plant communication does not affect total biomass production but does signi®cantly affect biomass allocation in individual plants. There may be differences in the volatile pro®les of Kara and Alva that induce increased biomass allocation to roots in the Kara plants exposed to volatiles from Alva.
Introduction
Plants live together in communities composed of one or more species, with the possibility for allelopathic communication between individuals (Rice, 1984) . This means that the growth of plants and their organs may be affected by a variety of compounds released from other plants into the environment. The release of active substances can be the result of at least four different processes: volatilization, leaching, decomposition of plant residues in the soil, and root exudation (Muller, 1965 (Muller, , 1969 Rice, 1984; Putnam and Tang, 1986) . These released metabolites can inhibit or delay germination and also inhibit or stimulate the growth of roots and shoots of neighbouring plants (Rice, 1984; Mizutani, 1999) . Still a subject of continued debate is how signi®cant allelopathy is to the average competitive interaction between plants growing in natural stands (Harborne, 1997) .
One explanation of the role of competition in plants attributes a primary role to trade-offs between root and shoot allocation (Grime, 2001) , which makes it possible for plants to minimize the negative effects of competition. By allocating biomass among various plant organs, plants modify their growth in response to environmental conditions in a way that maximizes plant growth. There are some experiments in which alterations in the pattern of biomass allocation between shoots and roots were induced by exposing plants either to low mineral nutrient concentrations or to shade±light treatments (Brouwer, 1962a, b; Corre Â, 1983; Van der Werf et al., 1993; Glimska Èr and Ericsson, 1999; McConnaughay and Coleman, 1999) . According to Ryser and Lambers (1995) , there must be a trade-off in the allocation of plant biomass to either above or below-ground organs, and there may be considerable plasticity in this allocation pattern. The plant's ability to modify its morphology or physiology, so-called phenotypic plasticity, is assumed to have genetic basis.
An additional source of variation in a plant's ability to allocate biomass between different organs arises from the fact that plant exudates differ in the extent to which they can in¯uence the trade-off in the allocation of the plant biomass to be expressed. Most studies of allelopathic effects have focused on early vegetative plant growth, i.e. seed germination, a period with high metabolic activity. But it is not known how allelopathic interaction between plants affects their biomass allocation patterns in later stages of vegetative growth.
Allelopathic interactions have been identi®ed in all major temperate cereal crops, wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), oats (Avena sativa L.), and rye (Secale cereale L.) (Lovett and Hoult, 1995) . For instance, barley has proved to be allelopathically active against some weed species, inhibiting seed germination and growth of selected plant species (Overland, 1966; Lovett, 1990, 1993) . In aerial allelopathic interactions, volatiles released from leaves of Artemisia tridentata Nutt. var. vaseyana (Weaver and Klovich, 1977) and sasa, Sasa cernua Makino (Li et al., 1992) inhibited the growth of barley seedlings and decreased the respiration rate of germinating seeds. Intraspeci®c aerial allelopathy interactions in barley have been demonstrated. Volatile compounds that were released after pruning of barley leaves induced systemic resistance against powdery mildew fungus in intact barley seedlings (Fujiwara et al., 1987) . Another study has shown the effects of aerial allelopathy on aphid acceptance and leaf temperature (Pettersson et al., 1999) . Signi®cant effects were obtained when certain cultivars were combined.
The aim of the present study was to investigate whether the aerial allelopathy shown to affect aphid settling and leaf temperature in previous studies (Pettersson et al., 1999; Ninkovic et al., 2002 ) also affects biomass allocation in roots, stems and leaves. Growth responses following exposure to volatiles were monitored during the vegetative growth period, i.e. the plant stage during which an allelopathy-induced effect on aphid settling was demonstrated. Biomass allocation was measured as a function of time, plant size and allometric relationship among various biomass components. As a model system, the interaction between the cultivars Alva and Kara was used, based on their performance described in previous studies (Pettersson et al., 1999; Ninkovic et al., 2002) . When Kara plants were exposed to volatiles emitted from Alva plants, aphid acceptance and leaf temperature were signi®cantly decreased when compared with Kara plants exposed to volatiles from the same cultivar.
Materials and methods

Plant material
Two spring barley cultivars (Kara, Alva) used in previous studies (Pettersson et al., 1999; Ninkovic et al., 2002) were chosen for these experiments. Alva was chosen as the inducing cultivar and Kara as the responding cultivar, these being the most inducing and most responsive cultivar, respectively, with regard to changes in aphid acceptance and leaf temperature. Furthermore, Kara was the most inert to self-induction (Pettersson et al., 1999) .
Exposure of plants to volatiles from other plants
Exposure of one cultivar to volatiles from another was done in a series of`twin-chamber cages' (Pettersson et al., 1999) , each of which was considered to be a replicate. Air taken into one of these chambers (inducing chamber, IC) passed through a hole in the wall to the next chamber (responding chamber, RC) and was then drawn out from the top of this cage to a vacuum tank before being vented outside the room (Fig. 1) . When plants reached the top of the cage, another cage was placed on top of the ®rst and air was drawn out through the upper RC. Plant roots were grown in 1Q 0.05 m perforated plastic bags (each hole was 1 cm 2 ) ®lled with clean sand. The upper, open end of the bag was pulled through a hole (5Q2 cm) made in the table top, to which the bag was ®xed by a staple. The hole was placed in the middle of the bottom of each cage. The lower end of the bags had two drainage holes (3 mm diameter) connected to draining-pipes. To prevent light from above the table affecting the roots below, and to minimize the in¯ux of air into the cage from beneath the table, a foam plastic plug was placed between the plastic tube and the wall of the hole. To provide darkness for the roots a black plastic curtain was ®xed around the table.
Growing conditions
The experiments were conducted in a greenhouse with a 16/8 h light/ dark cycle, a temperature of 20T3°C and no control of relative humidity. Seeds were placed ®rst on moistened ®lter paper in Petri dishes in a climate room (20°C, 80% relative humidity) to germinate. After 24 h the seeds that had started to germinate were transferred to the cage system. One seed per bag was placed at 1 cm depth in the sand in the plastic bags. During the experiment, a commercial plant nutrition solution (102 mg N, 20 mg P, 86 mg K, 8 mg S, 6 mg Ca, 8 mg Mg, plus micro nutrients, l ±1 ) (Wallco, Mo Èlnlycke, Go Èteborg, Sweden) was supplied through an automatic watering system to give a speci®ed water and nutrient regime. The pH of the nutrient solution was adjusted automatically to pH 6.5±7 with a pH-regulator that was connected to the water pump (DGT Volmatic).
Experimental treatments
The phenotypic expression throughout the vegetative growth phase of a barley cultivar was registered when exposed to different odour sources. The observations started 2 weeks after germination and ended when plants were at the end of the four and beginning of the ®ve-leaf stage, that is during the ®rst part of the vegetative stage. This is the period during which the newly-differentiated leaves are able to contribute substantially to carbon assimilation (Hunt, 1987) , and is characterized by an exponential increase in total dry weight.
The Kara plants were exposed to three different treatments: air from Alva, air from Kara and clean air. To avoid pseudoreplication, each treatment was represented by 30 separate`twin-chamber cages' in each of which a single Kara plant was exposed to a treatment: a single Alva plant (Fig. 1A) , a single Kara plant (Fig. 1B ) or clean air (Fig. 1C) . The twin-cages were randomly allocated to positions on the table in the greenhouse at the beginning of the experiment to compensate for any spatial variation in irradiance in the greenhouse. The growth of plants was followed for 34 d, from the one leaf stage to the ®ve leaf stage. During this period, ®ve destructive plant samplings were made, with 3±5 d between each sampling. At each sampling time, ®ve plants were chosen per treatment from RC (responding chamber) and separated into roots, stems and leaves.
The ®rst sampling was done 15 d after sowing. The exposed plant in the responding cage represented one replicate which means that each experimental treatment consisted of 30 replicates (plants), that is the whole experiment was carried out in 90 separate cages. Directly after separation, the green leaf area of individual plants was measured using a Li-3100 (Li-Cor, Lincoln, Nebraska, USA) leaf area meter.
Roots were washed carefully with water. After drying for 48 h at 70°C to constant mass dry weights, plant parts were weighed. These data were used for calculation of integral morphological indices, namely the leaf mass fraction (LMF), the root mass fraction (RMF) and the stem mass fraction (SMF). Total dry weight (TDW) was the sum of these plant parts. 
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Calculations and statistical analyses Data were transformed to their natural logarithms (ln). Transformed data and their residuals were determined to be normally distributed and homoscedastic using histograms and plots. In the cases where LMF, SMF and RMF were plotted against TDW, normality and homoscedasticity were achieved without data transformation.
Patterns of biomass allocation were tested in two different ways. First, an allometric model expressed in two different ways was used for analysis of the allometric relationship between shoot and root (Parsall, 1927; Troughton, 1960) and shoot:root ratio (S:R) over a substantial period of time. This is an entirely empirical method and does not attempt to explain growth processes (Poorter and Nagel, 2000; Farrar and Gunn, 1998) . Secondly, the LMF, SMF and RMF were used for analysis of the biomass allocation. According to Poorter and Nagel (2000) , the use of biomass fractions has two advantages: biomass fractions are less sensitive to small changes in allocation than are S:R values (shoot:root), and also RMF and LMF are integral parts of growth analyses.
The linearity of the allometric relationships examined here was used for comparisons of (1) RMF versus TDW, (2) LMF versus TDW, (3) SMF versus TDW, (4) ln total shoot dry biomass versus ln root dry biomass ratio, and (5) S:R versus time. Linearity for each of the three treatments (30 points per curve) along the gradient was studied using an ANOVA goodness-of-®t test (Draper and Smith, 1966) . Assuming linearity for each treatment, the hypothesis of parallel lines was tested by ANOVA as the interaction between two tested factors (Littell et al., 1991) . For post-ANOVA comparisons of signi®cant differences in distance between lines of target allometric parameters, Tukey's tests were used. The GLM procedure of the SAS Institute Inc. (2000) package was used for the numerical evaluations.
Other morphological parameters and growth Differences between treatments in relative growth rate (RGR, increase in biomass per unit biomass per unit of time, mg g ±1 d ±1 ) and unit leaf rate (ULR, increase in biomass per unit time and leaf area, kg m ±2 d ±1 ) were tested as an interaction effect in a two-way ANOVA with treatment and time as the factors. The dependent variable was ln-transformed dry weight (Poorter and Lewis, 1986) . The series of RGRs and ULRs were calculated by pairing plants: the largest plant at time t n with the largest plant at time t n+1 ; and second largest at time t n with the largest at time t n+1 , and so on (Hunt, 1987) .
However, RGR can also be applied as a model that relates a plant's relative growth rate to the morphological and physiological factors (Lambers et al., 1989) . According to Poorter and Nagel (2000) , RGR can be factorized into two components. A`morphological component' that can be further subdivided into speci®c leaf area (SLA, leaf area per leaf dry weight, m 2 kg
±1
) that re¯ects aspects of leaf morphology, and the LMF that re¯ects biomass allocation to leaves. A`physiological component' is ULR, which is generally strongly correlated with the rate of photosynthesis per unit leaf area.
RGR=ULRQSLAQLMF
Differences in SLA and TDW between treatments were tested by a two-way ANOVA with treatment and time as factors. When F-tests were signi®cant, pairwise comparisons of means of target plant parameters were performed using Tukey mean signi®cant difference tests.
Results
Biomass allocation
The approach to analyse biomass allocation consisted of two calculation steps. The ®rst was to examine the linearity, which was a precondition to test parallelism of the allometric relationships for these comparisons: (1) RMF versus TDW, (2) LMF versus TDW, (3) SMF versus TDW, (4) ln total shoot dry biomass versus ln root dry biomass ratio, and (5) S:R versus time. The null hypothesis was that these lines were parallel. The obtained P-values for the F-test were in the interval 0.50±0.81. Hence, the assumption of parallelism was not rejected.
The second step was comparisons of signi®cant differences (intercept) in the distance between the lines of the target allometric parameters. Exposure of Kara plants to different sources of plant volatiles had signi®cant effects on partitioning of biomass between different plant organs. When RMF was plotted against TDW a highly signi®cant difference was found between treatments (F 2,86 =14.9; P <0.0001). Plants exposed to volatiles from Alva showed a signi®cant increase in root allocation when compared with plants exposed to volatiles from the same cultivar (selfresponding) (P=0.001) and those exposed to clean air (P <0.0001) (Fig. 2B ) using a Tukey test. No signi®cant difference in RMF was found between plants exposed to volatiles from the same cultivar and those exposed to clean air (Fig. 2B) . LMF plotted against TDW showed the same trend as RMF (F 2,86 =15.99; P <0.0001), but in the opposite direction (Fig. 1A) . Kara plants exposed to volatiles from Alva showed a signi®cant reduction in LMF compared with those exposed to Kara volatiles (P=0.0001) and those exposed to clean air (P <0.0001), while the change in LMF did not differ between the Kara±Kara combination and plants exposed to clean air ( Fig. 2A) . SMF, plotted against TDW, did not differ signi®cantly among treatments (F 2,86 =1.09; P=0.34).
Allometric analyses of shoot:root balance (S:R) revealed that Kara plants altered patterns in response to exposure to volatiles from Alva, but not in response to volatiles from the same cultivar (Fig. 3A) . Even though all three regression lines between root and shoot weights had similar slopes, that is`allometric constant' k (Fig. 3A) , testing the parallelism by ANOVA revealed signi®cant differences between the intercepts of these lines (F 2,86 =11.69; P <0.0001). Comparisons of distance between lines with a Tukey test showed that Kara plants exposed to volatiles from Alva were signi®cantly different from lines of self-responding plants (P=0.003) and plants exposed to clean air (P <0.0001) which clearly demonstrates the difference in allocation in the plants exposed to volatiles from Alva, compared to self-exposed plants and those exposed to clean air (Fig. 3A) . When the S:R was compared for plants of the same age, a signi®cant difference in biomass allocation between treatments was found (F 2,86 =20.27; P <0.0001) (Fig. 3B) . The combination Alva/Kara showed a signi®cantly lower S:R in comparison with self-responding (P=0.006) and with nonexposed plants (P <0.0001) (Fig. 3B ).
Other morphological parameters and growth The TDW differed slightly among treatments (F 2,72 =3.42; P=0.04). However, post-ANOVA comparisons of mean TDW between treatments throughout the experimental period did not reveal any signi®cant differences (Fig. 4) .
The TreatmentQTime interaction was used to look for differences in RGR and ULR. The interaction effects of exposing plants to different sources of volatiles were not signi®cant for RGR (TreatmentQTime F 8,60 =5.6; P=0.5) and ULR (F 8,60 =0.57; P=0.8). This indicated that exposure to the different volatile sources did not in¯uence RGR, and that ULR, the`physiological component' of RGR, was unaffected.
There were signi®cantly different changes in the second morphological component, SLA (F 2,72 =3.68; P=0.03) (Fig. 5) . SLA was signi®cantly increased when plants were exposed to volatiles from Alva when compared with those exposed to volatiles from Kara (P=0.025), but were not signi®cantly different from those exposed to clean air. No signi®cant difference was found between plants exposed to volatiles from the same cultivar (Kara) and plants exposed to clean air.
Discussion
Aerial allelopathy and biomass allocation
The results show that exposure to volatiles from plants of one barley cultivar, Alva, induces changes in the pattern of biomass allocation in plants of a second cultivar, Kara. Plants exposed to volatiles from Alva allocated more biomass to roots compared with plants exposed to volatiles from Kara, or to clean air (Fig. 2B) . However, the TDW did not differ between those treatments (Fig. 4) , that is the principal effect shown in the experiment is that this type of plant interaction affects the allocation of biomass but not the total biomass. It has been reported that plant individuals sharing rhizosphere space with another plant produce more root mass than when one plant`owns' that space (Gersani et al., 2001) . However, in the present experiment root growth was also stimulated when communication between the two barley plant individuals was limited to an exchange of air/volatiles. This means that the allelopathic response had an effect on the whole plant, rather than on speci®c parts such as roots, leaves etc.
This ®nding raises the question of whether a plant's ability to respond to volatiles from a neighbouring plant by changes in biomass allocation is of importance in optimizing the intake of the plant's requirements from the environment. It may be that biomass allocation is a result of plant plasticity released by volatiles from another plant. Theory predicts that plant allocation to organs that are close to limiting resources will favour the growth of these organs (Tilman, 1988) . The investment in roots is usually correlated with nutrient supply and/or demand (Ingestad and A Ê gren, 1991) , while the effect on allocation pattern of a limited water supply is less pronounced (Poorter and Nagel, 2000) . However, when nutrients, light and water are equally abundant and root communication between plants is prevented, as was the case in the current study, differences in allocation to root biomass should depend upon other factors, such as plant±plant communication.
Relative growth rate (RGR) and its components Several plants are capable of considerable modi®cations of their root:shoot ratio. It has been suggested that there are effective mechanisms that modify allocation between roots and shoot, thus indirectly regulating the balance between photosynthesis and nutrient capture (Grime, 2001) . Villar et al. (1998) showed that the variation in RGR in Aegilops and Amblyopyrum spp. (Poaceae) is associated mainly with variation in biomass allocation and not with variation in SLA. However, the results of the current study showed that RGR was unchanged, even when allocation was higher to roots and lower to leaves for plants exposed to volatiles from Alva ( Fig. 2A, B) . The present results are in line with a study where the allocation pattern of 10 wheat cultivars was tested at two soil moisture levels in a growth chamber (Van den Boogaard et al., 1997). Thus, the variation in biomass allocation cannot always be used as prediction of a change in RGR or vice versa.
According to studies of plant plasticity, SLA in plants may show plasticity to variation in the light intensity. There are species differences in the effect of lightdependent changes in SLA (Veneklaas and Poorter, 1998) . Hence, a low allocation of biomass to the leaves can be compensated for by a high SLA (Aerts et al., 1991; Boot and Den Dubbelden, 1990) . Such a compensatory effect was also found in this study where the lower allocation of biomass to the leaves of Kara ( Fig. 2A) , when it was exposed to volatiles of Alva, is compensated for by higher SLA (Fig. 5) . Similarly, the compensation of lower biomass allocation to the leaves by higher SLA was found by Pegtel (1976) comparing two ecotypes of Sonchus arvensis. Differences in SLA can probably be caused by increases in water content and cell size (Andersen et al., 1993) and also by altered thickness of leaves and vein structure (Dijkstra, 1990) . Apart from these morphological factors, leaf physiology can also be changed, which is re¯ected in the altered chemical composition of leaf biomass (Dijkstra, 1990) . According to Van der Werf (1996) , fast-growing plants bene®t from high SLA only if leaves increase photosynthetic activity at the highest level under certain environmental conditions. A possible reason why plants exposed to volatiles from another cultivar have a higher SLA is to enable them to maintain the same RGR.
A study of aerial allelopathy with combinations of four barley cultivars showed that, in certain combinations, the leaf temperatures of some cultivars (e.g. Kara) were lowered when exposed to volatiles from certain other cultivars (Pettersson et al., 1999) . The leaf temperature was measured by an infrared camera in the same two-cage system. This effect links plant±plant communication with the increased transpiration rate of the receiving plants. A high transpiration rate is generally assumed to correlate with greater conductance and the enhanced in¯ux of CO 2 . High in¯ux of CO 2 is required to maintain the higher photosynthetic activity, that is water use ef®ciency (WUE) expressed as the mass of carbon assimilated per mass of water transpired is reduced. The consequent need for increased water extraction may require greater allocation to roots. The lower leaf temperature and greater biomass allocation to roots are also in line with the assumption of a strong positive correlation between transpiration and root allocation (Sims and Pearcy, 1994) . By contrast, the transpiration rate is lower when root weight per unit total plant weight is larger in environments where the amount of water is a limiting factor for plant growth (Van den Boogaard et al., 1997) . However, under environmental conditions with no limiting factors, for example, nutrients, light and water, and where root communication between plants is prevented, differences in transpiration rate and allocation pattern should depend on plant±plant communication.
Ecological implications
The current results add a new dimension to plant coexistence, showing that aerial allelopathy can cause changes in the biomass allocation in neighbouring plants.
To what extent this gives a competitive advantage to the emitting (Alva) or responding/listening (Kara) plant remains to be shown with further experimentation. Under competitive growing conditions, increased root biomass may contribute to plant ®tness by increasing the capacity for below-ground competition, that is for water and mineral uptake, which would favour the Kara-type response. However, reducing green leaf biomass may decrease the competitive capacity for light (Didon, 2002) of Kara.
It has been hypothesized that the increased ability of a plant to maximize growth over a range of different available resources may be the result of morphological plasticity (Tilman, 1988) . It can be concluded that Kara, under the current experimental conditions, shows this capacity. However, to what extent this is a commonly occurring capacity in other barley genotypes and in grasses in general remains to be tested. The importance of environmental conditions for the expression of this allocation capacity is more dif®cult to predict. Glimska Èr and Ericsson (1999) postulated that biomass allocation between root and shoot can be treated as a direct function of the relative resource limitation of the plant. This raises the question of how plant±plant interaction affects biomass allocation patterns when plants grow under the optimum resource availability and also how this reaction depends on the neighbouring genotype/species. The competition for resources water/nutrients (below ground) and light (above ground) increases under conditions of higher nutrition availability (Campbell et al., 1991) . In response to volatiles from Alva, Kara plants allocated more biomass to the roots than when they were exposed to volatiles of the same cultivar (Fig. 2B) . The response of Kara seedlings to the presence of Alva seedlings was increased biomass allocation to roots, and indicates that some sort of coadaptation to the presence of the other cultivar may occur. This can be expected to have further implications for adaptive advantage under different environmental conditions.
The present experiments show that intraspeci®c plant± plant communication via aerial allelopathy may occur. The experiments do not give a basis for speculation about the character of the active chemical compounds. However, it is not obvious that only unique chemical compounds are to be expected. It is important not to overlook the possibility that trivial plant compounds or even the ratio between some of those might be the active operating agent.
To what extent the plant capacities demonstrated in this and previous investigations of aerial allelopathy, to respond and to promote responses, have developed during the breeding processes or whether they have survived in spite of this, is an interesting but open question. However, similar ®ndings in other plant species indicate that it is a primitive plant ecological trait (Callaway, 2002) . Primarily, the experimental results contribute to an understanding of the ecology of plant individuals in different types of plant communities. Obviously these mechanisms, although less recognized, have been operating during all efforts that have been made to improve production systems, and it is not obvious if the effects under ®eld conditions are of suf®cient magnitude to have agronomic value.
Conclusions
In barley, volatiles from plants of cultivar (Alva) induced changes in the pattern of biomass allocation in plants of a second cultivar (Kara). Exposed plants allocated more biomass to roots. The allelopathic effect on the pattern of biomass allocation is active only if there are differences in the volatile pattern of inducing cultivars, which may consist of unique substances or unique ratios of volatile compounds.
Analysis of RGR and its components was used to explain likely morphological and physiological changes that can be induced by plant±plant communication. RGR is unchanged when a plant of one barley cultivar is exposed to volatiles from a plant of a second barley cultivar. Even if ULR, the physiological component of RGR, was unchanged it cannot be concluded that plant±plant communication is unable to affect other physiological processes in the exposed plant. Both morphological components (LMF and SLA) of plants exposed to volatiles from plants of another cultivar were signi®cantly changed but in opposite directions. This may explain why there was no change in RGR.
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